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FABRICATIONS AND OPTICAL PROPERTIES OF PHTHALOCYANINE 
MULTI-LAYERED FILMS 

YASUO IMANISHI, SHINTAROU HATTORI, TOMOYUKI HAMADA, 
SHINGO ISHIHARA, ATSUSHI KAKUTA, AND SHUNICHI NUMATA 
Hitachi Research Laboratory, Hitachi Ltd., 7-1-1, 
Ohmika-cho, Hitachi-shi, Ibaraki-ken, 319-12 JAPAN 

Abstract Phthalocyanine multi-layered films, 
composed of copper phthalocyanine (CuPc) and 
naphthalene tetracarbosylic dianhydride (NTCDA), were 
fabricated by an organic molecular beam deposition 
method. Results from several analyses, like XPS and 
RHEED, revealed an epitaxial layer-by-layer structure 
of the multilayers, pointing toward a possible 
candidate of molecular assembly for future photonics 
devices. 

INTRODUCTION 

Organic superlattice (OSL) structures, consisting of 
multi-layered ultra-thin films of different organic 
molecules, are expected to provide a new molecular 
assembly and unique properties, especially applicable to 
advanced optical and electronic devices, and differing 
from conventional semiconductor superlattices. It is easy 
to draw schematic pictures of organic superlattices with 
molecular or ordinary alternating multilayers, or mesh- 
like superstructures (figure 1 ) .  However, it is very 
difficult and complicated to construct these OSL 
structures from any kind of organic molecules, even though 
electronic states of organic crystals for the photonics 
are mainly dominated by their components, chemical 
structures, their aggregate structures, and interactions 
between molecules. Development of a fabrication process 
for organic ultra-thin films by means of an organic 
molecular beam deposition (OMBD) technique has made it 
dream possible to construct a complicated molecular as- 
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36 Y .  IMANISHI ET AL. 

0 molecule A 

I molecule B 

(a) Molecular alternating (b) Ordinary alternating (c) Mesh-like super- 
rnultilayers rnultilayers structures 

Fig. 1 Models of organic superlattices. 

Table 1 Characteristics of CuPc and NTCDA single crystals. 

compound 

mol ecu I ar fo rm ula 

crystal symmetry 

space group 

a(A) 

2 

structural formula 

stacking habit 

stacking angle (") 

molecular spacing (A) 

CuPc (a-form) 

CUC32H16N8 

monoclinic 

c2/c 

25.92 

3.790 

23.92 

90.4 

4 

Q 

0, 20 

3.38 

NTCDA 

C14H406 

monoclinic 

P2lCl 

7.867(2) 

5.305(1) 

12.574(2) 

72.73(2) 

2 

0 

3.506 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
43

 1
8 

Fe
br

ua
ry

 2
01

3 



PHTHALOCYANINE MULTI-LAYERED FILMS 37 

sembly in which higher crystallinity and a smoother 
surface than gotten by ordinary vapor deposition are 
achieved [l-41. 

In particular, three groups have been worked on the 
fabrication of organic multi-layered thin films. So e t  al. 
[ 5 ]  formed multilayers composed of perylene and 
naphthalene derivatives (PTCDA/NTCDA) on quartz glass 
substrates. Tada et al. [6] identified the hetero 
epitaxial growth of phthalocyanine derivatives 
(VOPc/AlClPc) on several kinds of alkali halide 
substrates. Nonaka, et al. [ 7 ]  reported the fabrication 
and identification of multilayered films of porphyrin 
derivatives (HzTPP/ZnTPP) on the hydrogen terminated 

surface of silicon. These findings have led us to believe 
it is possible to intentionally design an electronic 
structure in OSL structures with a variety of chemical 
structures and electronic states, which may lead to new 
developments in optical or electrical devices. 

The final target of our work is the realization of 
nonlinear optical devices, especially for ultrafast 
optical switching. For such a purpose large nonlinear 
optical suscept-ibilities may be attained in the OSL 
system due to exciton confinement in a low dimensional 
system, like ZnSe supermicro particles, the GaAs/GaAlAs 
semiconductor superlattice, and the crystal surface of 
anthacene [ 8 ] .  Our aims in the first stage are to 
determine whether we can fabricate superlattice structures 
with organic molecules having no alkyl chain group for the 
Langmuir-Blodgett films and to identify the modifications 
of electronic states in new molecular assemblies which 
are suited for nonlinear optical devices. 

In this paper we make a brief review of our recent 
study [ 9 ]  and its further results on the multi-layered 
ultra-thin films of copper phthalocyanine (CuPc) and 
naphthalene-1,4,5,8-tetra-carboxylic-lf8:4,5-dianhydride 
(NTCDA) by OMBD. We show a stacking model of the multi- 
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38 Y. IMANISHI ET AL. 

l a y e r s  d e v e l o p e d  from r e s u l t s  o f  s e v e r a l  s t r u c t u r e  

a n a l y s e s  f o r  t h e  f i l m s .  

FXPERIMENTAL S 

The d e t a i l s  o f  our OMBD f a b r i c a t i o n s  have a l r e a d y  been 

g iven  e l sewhere  [ 9 ,  lo]. The t y p i c a l  base  p r e s s u r e  of t h e  

OMBD a p p a r a t u s  w a s  on t h e  o r d e r  of T o r r .  CuPc and 

NTCDA w e r e  c o m m e r c i a l l y  o b t a i n e d  from Tokyo Chemical  

I n d u s t r y  C o . ,  L t d . ,  and p u r i f i e d  by s u b l i m a t i o n  b e f o r e  

u s e .  The po ta s s ium c h l o r i d e  s u b s t r a t e s  ( K C l ) ,  p o l i s h e d  a t  

t h e  ( 1 0 0 )  s u r f a c e  , were used a f t e r  h e a t i n g  a t  400  O C  f o r  

8h i n  t h e  OMBD a p p a r a t u s .  The s u b s t r a t e  t e m p e r a t u r e s  were 

k e p t  a t  - 5 O O C  ( c a l i b r a t e d ) .  The g r o w t h  r a t e s  a n d  

t h i c k n e s s e s  o f  t h e  f i l m s  were m o n i t o r e d  by q u a r t z  

v i b r a t o r s .  T y p i c a l  growth r a t e s  were 0.5nm/h f o r  CuPc and 

2nm/h f o r  N T C D A .  The f i l m  s t r u c t u r e s  were a n a l y z e d  b y  

r e f l e c t i o n  h igh  energy e l e c t r o n  d i f f r a c t i o n  (RHEED) and X- 

r a y  p h o t o e l e c t r o n  s p e c t r o s c o p y  ( X P S )  i n  t h e  a n a l y s i s  

chamber and b y  t r a n s m i s s i o n  e l e c t r o n  mic roscopy  (TEM) 

e x t e r n a l l y .  

RESULTS AND DISCUSS IONS 

Tab le  1 l i s t s  t h e  c h a r a c t e r i s t i c s  o f  t h e s e  s i n g l e  c r y s t a l s  
[ll, 121. Both a r e  p l a n a r  n - c o n j u g a t e d  m o l e c u l e s  w i t h  

co lumnar  s t a c k i n g .  These two compounds a r e  o r g a n i c  

s e m i c o n d u c t o r s  w i t h  q u i t e  d i f f e r e n t  band  g a p s ;  i n  

p a r t i c u l a r ,  NTCDA a c t s  a s  a molecular  e l e c t r o n  a c c e p t o r  t o  
many o r g a n i c  compounds [13]. I f  w e  c a n  f a b r i c a t e  

s u p e r l a t t i c e  s t r u c t u r e s  of t h e s e  compounds, t h e n  n o t  o n l y  

e x c i t o n  conf inemen t s  i n  one k ind  of molecu la r  l a y e r  b u t  

a l s o  c h a r g e  t r a n s f e r s  i nduced  a t  t h e  t h e  i n t e r f a c e s  o f  

e a c h  l a y e r s  a r e  p o s s i b l e .  The CuPc  c r y s t a l s  have two 

s t a c k i n g  a n g l e s ,  0 and 20° ,  while  NTCDA c r y s t a l s  have t h e  

Oo a n g l e  o n l y .  So when a m u l t i l a y e r  s t r u c t u r e  i s  formed by  
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PHTHALOCYANINE MULTI-LAYERED FILMS 39 

MBD, c o n t r o l  of  mo lecu la r  o r i e n t a t i o n s  i n  e a c h  l a y e r  can 

g i v e  h e t e r o e p i t a x i a l  growth. 

So a t  f i r s t  C u P c  was d e p o s i t e d  on t h e  KCl(100) s u r -  

f a c e .  P r i o r  r e s e a r c h  [ l l ]  on C u P c  v a p o r  d e p o s i t i o n  

r e v e a l e d  t h e r e  was c o f a c i a l  anchor ing  of  CuPc molecu le s ,  

i n  which t h e  copper c a t i o n  of CuPc and t h e  c h l o r i n e  an ion  

of t h e  s u b s t r a t e  a f f e c t e d  each o t h e r ,  and t h e  b r i d g i n g  

n i t r o g e n  of  CuPc  and t h e  p o t a s s i u m  c a t i o n  c o u l d  a l s o  

a f f e c t e d .  F i g u r e  2 shows t h e  RHEED p a t t e r n  of t h e  CuPc 

l a y e r  on a K C l ( 1 0 0 )  s u b s t r a t e .  In t h e  c e n t e r  of t h e  view, 

f i v e  weak s t r eaks  c o u l d  be r ecogn ized  and t h e i r  d i s t a n c e  

between t h e  s t r e a k s  co r re sponded  t o  t h e  1 . 3  t o  1 . 4  nm 

l a t t i c e  d i s t a n c e  i n  t h e  s u r f a c e  s t r u c t u r e  of t h e  f i l m s .  

Th i s  confirmed t h e  c o f a c i a l  a d s o r p t i o n  of CuPc. 

The d e p o s i t i o n  o r d e r  of t h e  m u l t i l a y e r s  was a s  f o l -  
lows:  t h e  first l a y e r  was CuPc, t h e  second NTCDA, t h e  

t h i r d  C u P c ,  and so on, f i n i s h i n g  with a CuPc t o p  l a y e r  and 

t h e  t o t a l  number of l a y e r s  o f  e l e v e n .  Due t o  t h e  

d i f f e r e n c e  i n  vapor  p r e s s u r e s  of  C u P c  and NTCDA, a 
r e l a t i v e l y  low s u b s t r a t e  t e m p e r a t u r e  was s e l e c t e d  f o r  

f a b r i c a t i o n  of t h e  m u l t i l a y e r s .  A t  such a low t empera tu re ,  

t h e  m a r g i n a l  m i g r a t i o n  o f  d e p o s i t e d  s p e c i e s  on t h e  

s u b s t r a t e s  was expected t o  o c c u r .  

F i g u r e  3 shows t h e  i n  s i t u  XPS s p e c t r a  of t h e  m u l t i -  
l a y e r s ,  i n  which monitored t h i c k n e s s e s  were ( a )  20A and 

( b )  50A p e r  l a y e r .  For t h e  50A t h i c k n e s s ,  t h r e e  s i g n a l s ,  

Cu2p1/2, Cu2p3/2, and Nls, which stemmed from t h e  CuPc 

molecu le ,  and one s i g n a l ,  O l s ,  from t h e  NTCDA molecule ,  

a p p e a r e d  i n  a l t e r n a t e  l a y e r s ,  meanwhile f o r  t h e  20A 

t h i c k n e s s  t h e r e  were r e s i d u a l  s i g n a l s  from t h e  s u b l a y e r .  

These f a c t s  gave i n d i r e c t  ev ieence  f o r  t h e  l aye r -by - l aye r  

s t r u c t u r e  of t h e s e  f i l m s .  

F i g u r e  4 shows t h e  TEM s u r f a c e  view and t h e  e l e c t r o n  

d i f f r a c t i o n  p a t t e r n  f o r  t h e  CuPc and N T C D A  m u l t i l a y e r s  

(50A p e r  l a y e r ) .  On t h e  s u r f a c e  t h e r e  were l a t t i c e  images 
o f  C u P c  c r y s t a l s  ( p a r a l l e l  s t r a i g h t  l i n e s  w i t h  ca .  13A 

p i t c h )  and t h e  s i z e  of  each c r y s t a l  domain was about  500A. 
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40 Y .  IMANISHI ET AL. 

Fig. 2 RHEED pattern of the CuPc layer on a KCI (100) substrate. 

I I I I I 1 I 1 . 1  i cc_ 

1000 800 600 400 200 
Binding Energy (eV) 

(a) 20A per one layer 

1000 800 600 400 200 
Binding Energy (eV) 

(b) 50A per one layer 

Fig. 3 XPS spectra of the CuPc and NTCDA multilayers on a KCI 
substrate. 
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PHTHALOCYANINE MULTI-LAYERED FILMS 41 

$1 Onm 

Fig. 4 The TEM surface view and the electron diffraction pattern 
(intersection) for the CuPc and NTCDA multilayers (50A 
per one layer). 

O . O b O . O . O  

O O O Q  

0 . 0 . 0  

. O O O  

0 . 0 . 0  . 0 . O .  

Fig. 5 Possible arrangements of CuPc molecules on a KCI(100) 
surface (d5~2/5+27~).  
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42 Y. IMANlSHl ET AL. 

The  d i f f r a c t i o n  p a t t e r n  c o u l d  be a n a l y z e d  as  a n  overlap of 
t w o  t y p e s  of a r r a n g e m e n t s  o f  CuPc m o l e c u l e s  o n  t h e  K C 1  

s u b s t r a t e  ( F i g u r e  5 )  a n d  a h e t e r o e p i t a x i a l  s t r u c t u r e  
r e t a i n i n g  t h e  symmetry o f  t h e  f i r s t  l a y e r .  

F i g u r e  6 shows a TEM c ross  s e c t i o n a l  p h o t o g r a p h  of 

t h e  m u l t i l a y e r s  w i t h  a 5 0 A  t h i c k n e s s  p e r  l a y e r  

( m o n i t o r e d )  . W e  c l e a r l y  o b s e r v e d  a l a y e r - b y - l a y e r  
s t r u c t u r e ,  i n  w h i c h  t h e  CuPc a p p e a r e d  as a d a r k  l a y e r  a n d  

t h e  NTCDA a s  a l i g h t  o n e ,  o w i n g  t o  t h e i r  d i f f e r e n t  

c o n s t i t u e n t  e l e m e n t s ,  a n d  t h e  number of l a y e r s  c o i n c i d e d  

w i t h  t h e  e s t a b l i s h e d  o n e .  The t h i c k n e s s  of o n e  l a y e r  w a s  1 

t o  2nm. T h e r e  was some t h i c k n e s s  d e v i a t i o n  b e t w e e n  l a y e r s  
d u e  t o  c h a n g e s  i n  t h e  m o l e c u l a r  beam d e n s i t y ,  d u e  t o  
s t o p p i n g  t h e  d e p o s i t i o n  t o  c a r r y  o u t  t h e  l a y e r  a n a l y s i s .  
T o t a l  t h i c k n e s s  was c a .  15nm. T h e r e f o r e ,  f o r m a t i o n  of t h e  

OSL s t r u c t u r e ,  composed o f  m u l t i l a y e r e d  u l t r a - t h i n  f i l m s  

of d i f f e r e n t  o r g a n i c  m o l e c u l e s ,  was c o n f i r m e d  a s  b e i n g  a 
f e w  n a n o m e t e r s  t h i c k n e s s .  

F i g u r e  I shows  o n e  p o s s i b l e  s t a c k i n g  model of t h e  

m u l t i l a y e r .  The  CuPc m o l e c u l e s  were adsorbed o n  t h e  

K C l ( 1 0 0 )  s u r f a c e  e p i t a x i a l l y .  Even t h o u g h  w e  h a v e  n o  ev i -  
d e n c e  g i v i n g  a m o l e c u l a r  o r i e n t a t i o n  f o r  NTCDA, t h e  s t a c k -  
i n g  s t r u c t u r e  o f  NTCDA s i n g l e  c r y s t a l s  c o u l d  be a p p l i e d  t o  
t h e  m u l t i l a y e r s .  Here w e  p o s t u l a t e  t h e  p r e s e r v a t i o n  of t h e  

f i r s t  l a y e r  s u r f a c e  s y m m e t r y  b y  t h e  s e c o n d  l a y e r .  T h e  

t h i r d  l a y e r  m i g h t  g row l i k e  t h e  f i r s t  l a y e r  a n d  so o n .  

S u c h  l a y e r  g r o w t h  w o u l d  r e t a i n  t h e  t o t a l  s y m m e t r y  
i n i t i a t e d  i n  t h e  f i r s t  l a y e r .  A t  p r e s e n t  w e  are  t r y i n g  t o  
i d e n t i f y  s u c h  a model  by  o t h e r  a n a l y s i s  methods. 

From t h e s e  r e s u l t s ,  w e  c o n c l u d e d  t h a t  m u l t i l a y e r s  of 
CuPc a n d  NTCDA, w i t h  a f ew n a n o m e t e r s  t h i c k n e s s ,  w e r e  i n -  

deed f a b r i c a t e d  b y  t h e  OMBD m e t h o d .  They were c o n f i r m e d  b y  
d i r e c t  TEM o b s e r v a t i o n  o f  t h e  s u r f a c e  a n d  cross s e c t i o n  

s t r u c t u r e .  P r o p e r  c o m b i n a t i o n s  of l a y e r  s p e c i e s  a n d  
f u r t h e r  t h e r m a l  t r e a t m e n t s  of d e p o s i t e d  f i l m s  may o f f e r  

o t h e r  OSL s t r u c t u r e s .  
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PHTHALOCYANINE MULTI-LAYERED FILMS 

Fig. 6 The TEM sectional view of the CuPc and NTCDA 
multilayers. 

43 

Fig. 7 The stacking model of the multilayer. 
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